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Abstract 
The prediction of sound pressure field in the acoustic domain caused by a diffracting object is of interest in many fields of acoustics. 
Applications in acoustics include detecting, locating and classifying objects that generate a scattered sound field excited by the incident 
sound waves. For example, relevant to these applications; the exterior sound pressure field in the acoustic domain due to incident plane 
waves on a cylinder can be determined analytically and numerically. For the numerical investigation the Finite Element Method (FEM) is 
widely used. However, for the exterior acoustic problem the FEM requires discretization everywhere in the entire domain, which results 
in increase of computational time to solve the problem. In order to overcome this problem, the Boundary Element Method (BEM) has 
been used in the current work to construct a suitable numerical model. The analytical results confirmed the accuracy of the numerical 
results obtained using the BEM. 
© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society 
of Mechanical Engineers 
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Nomenclature 
E Total number of surface elements 
Hm(z) Hankel function or Bessel function of the third kind of mth order and argument, z 
Jm(z) Bessel function of the first kind of mth order and argument, z 
k wavenumber 
m term number 
Nm(z) Neumann function or Bessel function of the second kind of mth order and argument, z 
p, p nodal pressure; also, acoustic pressure, Pa 
pi incident sound pressure, Pa 
po incident sound pressure amplitude, Pa 
ps scattered sound pressure, Pa 
pt total sound pressure, dB 
X X component of the cylindrical coordinate axes 
Y Y component of the cylindrical coordinate axes 
azimuthal angle, deg   
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1. Introduction 
The sound pressure at locations in the acoustic domain surrounding the cylinder may generally be determined using the 
analytical expressions available in the literatures [1-5], due to incident plane waves that strike normal to the circumference 
of the cylinder. For the numerical analysis, Finite Element Method (FEM) and Boundary Element Method (BEM) can be 
used to determine the sound pressure at locations in the acoustic domain surrounding the cylinder. The use of BEM is based 
on the Helmholtz Integral Equation (HIE) and has been used in the past for the solution of interior and exterior acoustic 
radiation and scattering problems [6]. For problems related to the scattering from a rigid body, the integral equation can be 
modeled using the Neumann condition (the particle velocity normal to the boundary surface is zero) at the boundary [7]. 
Moreover, Sommerfeld’s radiation condition of the radiating surface is automatically satisfied for the exterior infinite 
problem domain [8]. Basically, the integration relies on discrete boundary elements; hence the discretization is only needed 
on the boundary surface; in contrast, Finite Element Method (FEM) requires discretization everywhere in the entire domain 
of the problem [8]. Therefore, fewer nodes are required for meshing the boundary surface than needed for meshing the 
entire problem domain. This is one of the major advantages of BEM over FEM and it often results in less computational 
time to solve interior and exterior acoustic problems.  
This work uses the BEM technique to predict the exterior sound pressure in the acoustic domain of the cylinder. The 
BEM software used here is written in MATLAB and is publicly available software known as Open BEM, which has been 
mainly developed by the Acoustic Laboratory, Technical University of Denmark. The numerical results using BEM are 
compared with the analytical results to ensure the validity of the numerical results. It should be noted that the determination 
of sound pressure at the surface of the cylinder has been extensively discussed in the literatures [9-11]; hence this study only 
focuses on the determination of sound pressure in the sound field not on the surface of the cylinder. 
2. Theory 
Consider plane waves travelling in the positive X direction and impinging normal to a cylinder of radius a as shown in 
Fig 1. In the figure, r is the radial distance from the origin of the cylinder, which can be any distance of interest from the 
cylinder. The directions  = 180° and  = 0° from the positive X axis will be considered as the front and back of the 
cylinder respectively. The governing equations for the incident, scattered and total pressure both on the surface and in the 
field can be written as follows [1]: 
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where the summation is for M number of terms required in the series calculations, m = 1 if m = 0 and 2 if m > 0.The phase 
angles, m, can be defined depending on the values of m as follows [2,4]: 
  0  when tan 110 mkaNkaJ   
.0when tan mkaNkaJ mmm  (4) 
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Fig. 1. Incident plane waves traveling normal to the cylinder axis Z (Z axis is out of page). 
3. Numerical formulation 
The determination of sound pressure in the sound field exterior to the boundary can be achieved using the Helmholtz 
integral equation, which can be written in the form 
,
,
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where Q and P are two points at some distance rQ  and rP respectively, from the centre of the body as shown in Fig 2. In 
other words, one is the integration point on the boundary and the other is the field point which is placed outside the 
boundary. R (Q,P) = |rQ - rP|, C(P) is the solid angle measured from the boundary and is equal to 2  for the two-dimensional 
exterior problem, G( R) = e-ik R (Q,P) / R (Q,P) is the free field Green’s function and pi represents the incident plane wave 
sound pressure on point P. Eq. (5) can be evaluated numerically by discretizing the boundary surface into E surface 
elements. The discretization of the integral Eq. (5) can be approximated by the sum of integrals over the elements as follows 
,
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where )(iE  are the element shape functions. For a surface formulation where rQ = rP, solving E calculations for all the 
elements on the surface, Eq. (6) can be written in the matrix form 
 ipHppC , (7) 
where [C] is equal to 2 IN (IN is an N × N identity matrix of the N calculation points on the N nodes) for the surface 
formulation, and [H] is an H × H global matrix of the H calculation points on the H elements. Here both [C] and [H] are 
known but the complex vector {p} is unknown. Therefore to find {p}, Eq. (7) reduces to 
 ,ippA  (8) 
where [A] = [H – C]. Equation (8), determines the total sound pressure only at the surface of the cylinder and needs to be 
extended for the sound pressure on the field points in the sound field. The matrix formulation for the total sound pressure on 
the field points becomes 
 ,ifff ppAp  (9) 
where the subscript f denote the field points. [Af] is the coefficient matrix for the field points, ifp  is the incident sound 
pressure on the field points and {p} is the pressure associated with each node on the surface. {p} can be calculated in a 
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similar way as indicated in equation (8) for the total pressure on the surface. On each surface and field node the incident 
sound pressure of equations (8) and (9) can be calculated for plane waves as follows: 
 ,yxkiif
i eppp  (10) 
where x and y represent the node position along the X and Y coordinates respectively. To calculate only the scattered 
sound pressure at the field points, the incident sound pressure term given in Eq. (9) can be omitted.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Geometry of the exterior cylindrical problem. 
4. Results and discussions 
The scattered and total sound pressures on each field point in the sound field (considering plane incident waves travelling 
from left to right) were calculated using Eq. (9) for the BEM analysis and compared with the analytical results calculated 
using Eqs. (2) and (3). The comparisons are shown between the analytical and BEM results for the scattered and total sound 
pressure distributions on the 80 field points placed circumferentially at a distance of 1.5a (one and half times the cylinder 
radius), 3a (three times the cylinder radius) and 5a (five times the cylinder radius) from the origin of a cylinder of radius a, 
for different values of ka in Figs (3-6) respectively. The results show very good agreement between the analytical and BEM 
techniques.  
It can be seen in the Figs (3-4) that scattered pressure magnitudes decrease as the distance from the origin of the cylinder 
increases. This indicates that at a certain distance the scattered sound pressure will become zero and only the undisturbed 
incident sound pressure will remain. It is clear from the results that essentially there are no changes to the scattered sound 
pressure patterns around a cylinder in the sound field for a particular value of ka, but the scattered sound pressure patterns 
will be different for different wavelengths. On the other hand, it is noticeable from Figs (5-6), the total sound pressure 
pattern varies significantly with distance from the cylinder. For both the scattered and total pressure, there is more spatial 
variation in the sound pressure amplitudes when the wavelength is smaller than the circumference of the cylinder, as shown 
for the cases when ka = 3. The sound pressure is not uniformly distributed at the front of the cylinder, and a predominantly 
higher sound pressure is occurring at the back of the cylinder because of reinforcement of the two diffracted waves 
travelling around two sides of the cylinder. The computational time of the BEM calculations considering only 80 nodes is 
shown in Table 1 for a general computer (Intel (R) Core (TM) i5 dual-core, CPU 2.53GHz, RAM 4GB). 
A large number of BEM calculations were also conducted to determine the scattered and total sound pressure fields 
around the cylinder. The calculations were made on 40,401 field points outside the cylinder for various values of ka. 
Numerical results are given for various values of ka in Figs 7 (a-d). The figures are a very good representation of the 
scattered and total pressure patterns for each value of ka around the cylinder. It can be seen that the scattered and total sound 
pressure are relatively smoothly varying, maximum at the front (left side of the figures) of the cylinder and varying more 
aggressively at the back (right side of the figures) of the cylinder. The reason has been discussed in the preceding paragraph 
and is a result of positive and/or negative interference of the two diffracted waves travelling around the two sides of the 
cylinder. Note that the scattered and total sound pressure patterns for each value of ka are similar to those presented in Figs 
(3-6).  
P 
Field points 
Q 
rQ 
rP 
Surface of a 
cylinder
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Fig. 3. Scattered sound pressure comparison between the analytical and numerical results at a distance of 1.5a, 3a and 5a, respectively, from the origin of a 
cylinder of radius a, for ka = 1. [Incident pressure amplitude po = 1 Pa] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Scattered sound pressure comparison between the analytical and numerical results at a distance of 1.5a, 3a and 5a, respectively, from the origin of a 
cylinder of radius a, for ka = 3. [Incident pressure amplitude po = 1 Pa] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Total sound pressure comparison between the analytical and numerical results at a distance of 1.5a, 3a and 5a, respectively, from the origin of a 
cylinder of radius a, for ka = 1. [Reference pressure 20μPa and incident pressure amplitude po = 1 Pa] 
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Fig. 6. Total sound pressure comparison between the analytical and numerical results at a distance of 1.5a, 3a and 5a, respectively, from the origin of a 
cylinder of radius a, for ka = 3. [Reference pressure 20μPa and incident pressure amplitude po = 1 Pa] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
(a) Scattered pressure, ka = 1.                                               (b) Total pressure, ka = 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
(c) Scattered pressure, ka =3.                                              (d) Total pressure, ka = 3. 
Fig. 7. BEM results showing the scattered and total sound pressure fields around a cylinder of radius a, for different values of ka. The scales for the scattered 
and total pressures are (Pa) and (dB) respectively. [Incident pressure magnitude po = 1 Pa and reference pressure 20 Pa] 
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       Table 1. Descriptions of numerical calculations 
ka Field point distance Computational 
Time (sec) 
Average computational 
time(sec) 
1.5a 4.9944 
3.5a 4.9449 1 
5a 4.8786 
1.5a 5.1888 
3.5a 4.6982 3 
5a 5.5914 
5.0494 
 
5. Conclusions  
It can be concluded from the comparisons between the results obtained using the analytical and Boundary Element 
Method (BEM) techniques that the BEM technique is suitable for calculating the sound pressure field at any location from a 
cylinder due to incident plane waves that strike normal to the circumference of the cylinder. It has been found from the 
results that predominantly higher sound pressure is occurring at the back of the cylinder because of reinforcement of the two 
diffracted waves travelling around two sides of the cylinder. 
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